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It has been nearly a decade since Brian Maurer and I In this minireview I will present my own candid and (Brown and Maurer 1989) first used the term "macro-very personal assessment of recent progress and future ecology" in the title of a synthetic paper which summa-prospects in macroecology. I will begin with a staterized some of our collaborative work. It has been five ment of what I think macroecology is and what it might years since the publication of my little book, Macro-become. I will reemphasize the sentiment, expressed in ecology (Brown 1995) , which endeavored to present an Brown (1995) , that it is a research program: a way of updated and personal perspective on this kind of re-thinking, exploring, and asking questions about a class search. In the meantime. Maurer (1994 Maurer ( , 1999 has of complex ecological phenomena. Then, I will attempt published two books of his own on the topic. a brief, constructively critical review some of the recent Although we cannot take credit for having devel-activities. I will spend most of my time, however, trying oped a new approach to ecological research, Maurer to look forward, rather than backward. So in the last and I must assume some responsibility, not only for section, I will endeavor to present my view of the having coined the term macroecology, but more im-present and future promise of the macroecological portantly for playing some role in stimulating a approach. rapidly increasing body of macroecological research. In some ways, the response has been gratifying. If, indeed, as the old English saying goes, "imitation is the What is macroecology? sincerest form of flattery", then growing numbers of macroecological publications are clear evidence of suc-My view of the nature and scope of macroecology has cess. If, on the other hand, the success of a scientific changed little since my 1995 book. To me, macroecolresearch program is to be measured by more than ogy still is a research program, not a subdiscipline of quantity of publications and citations. then the verdict ecology. It is one approach to studying a certain class is less clear.
of complex ecological systems.
It goes without saying that most ecological systems are complex. My physicist collaborator, Geoffrey West, likes to point out that even the simplest unicellular organism is much more complex than any nonliving physical system. Ecological systems typically contain many kinds of organisms, each with their unique anatomy, physiology, genetics, development, and behavior, interacting in complicated ways with each other and their abiotic environment. The result is that ecological systems exhibit incredibly complex structures and dynamics. This complexity stands as a challenge to modern science. Reductionist approaches that have revealed the structural elements and mechanistic processes of the atom and the genetic code have not been effective in ecology. In fact, we know a great deal about the components of ecological systems and the interactions among these components. We can, for example, make detailed descriptions of trees, insects, and birds, document how they respond to their abiotic environment, and describe the simple pairwise competitive, predator-prey, and mutualistic interactions among them. Yet our understanding of the organizational structure and dynamical behavior of the systems that contain these organisms is still rudimentary. Despite the need to address pressing human-caused environmental problems, we are a long way from having a rigorous, predictive ecological science based on the understanding and application of basic principles or laws.
The promise of macroecology is that it offers evidence that such general ecological laws must exist, and it provides some hints about how they work. Despite their complexity, ecological systems are not haphazard collections of organisms interacting at random. Instead, they exhibit a great deal of order: in the kinds of organisms that make up the system, in the nature of their interactions with each other and their nonliving environment, and especially in the emergent structure and dynamics of the system as a whole. This order is perhaps best revealed in certain statistical patterns. It often becomes apparent when one treats the different individual organisms or species as equivalent but not identical "particles", and analyzes the structure and dynamics of ecological systems containing many such particles.
This statistical approach is, of course, not limited to ecology. Within ecology, it can potentially be applied to many conceptual questions, levels of organization, kinds of organisms and environments, and temporal and spatial scales. I and many others have focused macroecological research on the conceptual problems and the large spatial and temporal scales that experimental ecology has generally not addressed. While the "particles" of recent macroecological research have typically been species, much macroecological research has gone beyond the bounds of traditional community ecology to explore the interface of this discipline with biogeography, macroevolution, and systematics. Additionally, much of the emphasis has been on how the species use and divide energy, space, and other resources, and hence on characteristics such as body size, abundance, and geographic range. This is understandable, given the emphasis of the foundational papers and the availability of data. It is not, however, essential. For me the most critical feature of macroecology is its effort to characterize and explain the emergent statistical phenomena exhibited by systems composed of large numbers of "particles". One of my own most satisfying applications of the macroecological approach was to understand the constraining effect of density and competition on survival in populations of annual plants (Guo et al. 1998) .
Macroecology is simply a way of investigating the empirical patterns and mechanistic processes by which the particulate components of complex ecological systems generate emergent structures and dynamics. It is the empirical exercise of detecting general patterns. It is the theoretical exercise of formulating mechanistic hypotheses to account for these patterns. And it is the empirical exercise of testing the hypotheses. Above all, it is the enterprise of trying to infer laws of nature from the statistical manifestations of the many interacting particulate units of ecological systems. A M the rest of macroecology is just a means of reaching this goal.
There are, of course, limitations and practicalities. To analyze their statistical properties, it is necessary to have large numbers, preferably hundreds, of the individuals, species, or other "particles". This severely limits the kinds of data that can be used. Often, but not necessarily, it results in macroecological studies being concerned with easily measured variables, such as body size. counts of abundance or estimates of population density, and parameters of the geographic range, and being limited to well-studied groups of organisms, such as terrestrial birds and mammals, land plants, and marine mollusks, for which such data are available. Limitations on availability of suitable data also result in macroecological studies usually being conducted at larger spatial or temporal scales than manipulative experiments and other traditional forms of microecological research. Often, efforts to assess the generality of purported patterns and hypothesized mechanisms result in macroecological comparisons across different taxa of organisms, types of environments, or geographic regions.
An historical perspective
It is important at this point to reemphasize that what we call macroecology is not new. At most, Maurer and I can claim only to have popularized the term "macroecology" (but see Orians 1980) , and to have stimulated some of the revived interest in a longstanding theme of ecological research. The roots of the macroecological approach can be seen early in the 20th century, perhaps most clearly in Arrhenius' (1921) work on species-area relationships and Willis ' (1922) Brown (1995 Brown ( , 1999 . The point to be made here is that many themes in current macroecological research were well established long before they were recognized to fall within the common purview of what we now call macroecology.
Progress in describing patterns
What is new within the last decade or so is the revival of interest in macroecological approaches. I attribute this primarily to two developments. One is the realization that the small-scale, experimental studies that had dominated ecological research in the 1970s and 1980s are inadequate to address many important conceptual and applied issues. This has been fueled in part by concerns about the global scale of anthropogenic environmental changes and the resulting extinction of endemic species and spread of exotics, and in part by conceptual and methodological advances in other disciplines such as geology, geography, biogeography, and systematic and comparative biology. The other development is the increasing availability of large, standardized, high-quality data sets together with advances in computer technology and statistical techniques for analyzing such data. Together, these changes have allowed a statistical perspective that had been developing for nearly a century to be improved and applied to a much wider range of conceptual questions and empirical systems.
These developments have stimulated an explosive growth in macroecological research in just the last decade. Gaston and Blackburn (1999) illustrate this progress in a graph showing an exponential increase in the number of papers reporting a macroecological pattern (see their Fig. 2 ). In Fig. 1, I show two additional measures of macroecological research activity: annual trends in the number of published papers having the words "macroecology" or "macroecological" in their titles, abstracts, or keywords, and in the number of papers citing the original Maurer (1987, 1989) papers. While the latter shows some evidence of leveling off -for understandable reasons -the former shows approximately exponential increase. There is as yet no evidence of lagging interest in the ideas and data being generated and interpreted from a macroecological perspective.
Indeed, this recent work has reaffirmed the promise of a venerable tradition of macroecological research. The statistical patterns in the organization of ecological systems noted by such perceptive scientists as C. B. Williams, G. E. Hutchinson, R. H. MacArthur, F. Preston, G. G. Simpson, and others have not gone away (Brown 1999) . On the contrary, recent macro-ecological research has confirmed the generality of these patterns while discovering some new ones. The patterns that have most interested me and many other macroecologists concern the abundance, distribution, and diversity of species: most species have low population densities, small geographic ranges, and small bodies; and there are predictable patterns of variation in species richness, size of geographic ranges, relative abundance of species, habitat specificity, and body size with latitude, elevation on land, depth in the ocean, exposure in the intertidal, and other environmental gradients. The good news is that these patterns, because they are so general, appear to reflect the operation of fundamental law-like ecological processes. The bad news is that it is much easier to describe the empirical patterns than to discover the causal processes.
Year
Fig. 1. Recent publications in macroecology. Above, the number, by year, of articles in peer-reviewed journals with the words "macroecology" or "macroecological" in the title, abstract, or key words. Below, the number of citations, by year in peer-reviewed journals of the seminal papers by Maurer (1987, 1989) . Source: SciSearchaLANL, database of the Institute for Scientific Information, Inc.
Better description of pattern
Ultimately, most inspiration in science comes from induction. Insights about how nature works are stimulated initially by empirical observations. Much of macroecology has always involved the search for and interpretation of patterns. Prior to the 1980s, many of the basic patterns had been documented in the form of univariate frequency distributions. Examples include the distributions of local abundance (Fisher et al. 1943 , Preston 1948 , 1962a , b, MacArthur 1957 , Williams 1964 , May 1975 , body size (Hutchinson and MacArthur 1959, May 1978) , and area of geographic range (Willis 1922 , Anderson 1977 among species, and the distribution of local population density within species over space or time (Skellam 1951 , Taylor 1961 , Taylor et al. 1980 . Other patterns related diversity to environmental variables, but revealed variation among taxa and environmental settings. Examples include species-area relationships (Arrhenius 192 1, Darlington 1957 , Preston 1962b , MacArthur and Wilson 1963 , 1967 , Stehli 1968 , Stehli et al. 1969 , Brown 1971 , Schoener 1976 , Connor and McCoy 1979 and latitudinal and other gradients of diversity (Fischer 1960 , Simpson 1964 , Pianka 1966 , Janzen 1967 , Cook 1969 , Kiester 1971 , MacArthur 1972 . Note that most of these studies date from the 1960s and 1970s.
As more and better data became available in the 1980s and 1990s, most of the research still focused on the empirical patterns. Three trends became apparent. First, patterns that were previously known became much better documented. This documentation took the form of better characterizing the precise mathematical forms of the relationships, demonstrating the generality of the patterns across taxonomic groups, habitats, and geographic regions, and describing systematic variations in the patterns with respect to these same kinds of variables. Nearly all of the patterns mentioned above received renewed attention, but particularly noteworthy were thorough analyses or major synthetic reviews of species-area and species diversity relationships (Brown 1988 , Rohde 1992 , Rosenzweig 1992 , Hubbell 1997 , in press, Brown and Lomolino 1998 , Shepherd 1998 , species abundance distributions (Tokeshi 1990 , 1993 , Gaston 1994 , 1996a , Taper and Marquet 1996 , distributions of body sizes (May 1986 , Dial and Marzluff 1988 , Morse et al. 1988 , Holling 1992 , Maurer et al. 1992 , Blackburn and Gaston 1994a , b, Brown 1995 , Gaston and Blackburn 1996 , Siemann et al. 1997 , Marquet and Taper 1998 ; and geographic range patterns (Rapoport 1982 , Stevens 1989 , Brown et al. 1996 , Gaston 1996b , Maurer and Nott 1998 , Maurer 1999 .
The second trend was that the old patterns were looked at in new ways. In some cases, characteristics of species, such as body size, abundance, and area of geographic range, which had traditionally been presented as univariate frequency distributions were plotted as bivariate relationships (Brown 1981 , Brown and Maurer 1987 , 1989 , Morse et al. 1988 , Lawton 1990 , Cyr et al. 1997 , Siemann et al. 1997 , Silva et al. 1997 ). These plots revealed interesting relationships among the variables. In particular, the patterns of variation often appeared to be poorly fit by simple linear or curvilinear regressions, and to be much better characterized by constraint envelopes (Brown and Maurer 1987 , Brown 1995 , Enquist et al. 1995 , which placed distinct limits around the wide range of observed variation. In other cases, what was thought originally to be a single relationship has appeared instead to be a series of interrelated phenomena. An example in point is the latitudinal gradient of species diversity. The increase in species richness from the poles toward the equator described by earlier workers is now thought to be closely and mechanistically associated with other relationships, including decreasing size of geographic range (Rapoport's rule), increasing habitat specificity, more even distribution of abundance among species, and contrasting roles of abiotic stresses and biotic interactions in limiting species ranges (MacArthur 1972 , Hubbell 1979 , in press, Stevens 1989 , Kaufman 1995 , Brown and Lomolino 1998 .
The third result of the search for patterns was that new ones were discovered. I say this with some caution, because nearly all "first time" observations in modern ecology had clear antecedents in the older literature, often in the writings of observant naturalists such as Charles Darwin, Joseph Grinnell, and Charles Elton. The rediscoveries were often genuine, however, in that the more recent authors were unaware of the earlier ones. They were also valuable in that they described the patterns quantitatively and in modern terms. So what was new, or at least relatively so? Here, I would list several patterns: 1) the relationship between size of geographic range and latitude (and its elevational equivalent) that has come to be called Rapoport's rule (Rapoport 1982 , Stevens 1989 ; 2) the nested subset pattern of species distributions (May 1976 , Patterson and Atmar 1986 , Atmar and Patterson 1993 , Wright et al. 1998 ); 3) the positive relationship between local abundance and spatial distribution, which holds on scales from local to geographic (Hanski 1982 , Brown 1984 , Gaston and Lawton 1988 , Johnson 1998 ; but see Chapter 2 of Darwin 1859); 4) the observation that within a taxon the same body sizes typically have the highest species diversity, greatest local population density, and other components of "fitness" (Brown and Maurer 1987 , Morse et al. 1988 , Brown 1995 , Siemann et al. 1997 ; and 5) the regular changes in body size with changes in spatial scale or habitat (Brown and Nicoletto 1991 , Holling 1992 , Blackburn and Gaston 1994a , Marquet and Taper 1998 . Several other examples, which might have been included, seem to me to be less general but may ultimately prove to be equally informative. Gaston and Blackburn (1999) have written a recent review and critique of macroecology. There is no point in my covering the same ground here. I refer readers to their paper for many citations of recent studies (I have emphasized citations of the earlier studies, which unfortunately are less well known to current workers). I agree with many of Gaston and Blackburn's points of constructive criticism. Many of these concerns focus on issues of methodology: the collection, analysis, and interpretation of data on macroecological patterns. I am considerably less concerned than Gaston and Blackburn about some of the details, such as the "sparseness" of data across different groups of organisms, environments, and geographic regions, the extent and consequences of systematic errors in the data, the "representativeness" or extent to which the relatively sparse studies reflect general patterns, and the possible bias against publishing divergent results or alternative ideas. My reading of the recent literature is that studies on different kinds of organisms, environments, and geographic areas are reporting patterns remarkably similar to those reported prior to the 1980s and very similar to those Maurer (1999) and I (Brown 1995 , Brown and Maurer 1987 , 1989 , and subsequently) have described for North American terrestrial birds and mammals. I do not question, however, the need for rigorous, unbiased collection, analysis, and interpretation of data. Real exceptions to the general patterns are especially useful, as they often hold clues to the mechanisms.
One recent trend in macroecology has been the incorporation and interpretation of information on phylogenetic relationships (e.g., Harvey and Pagel 1991, Harvey 1996) . It has become almost a requirement to include "phylogenetically independent comparisons" in any comparative study where the data represent values measured in different species. I have two comments on this. On the one hand, I find such a peer-reviewer imposed demand for this kind of statistical orthodoxy to be stifling and based on an indefensible premise. The justification usually given for requiring phylogenetically explicit analyses is that the data collected for different species are not independent, because the traits of species are constrained by those of their ancestors. The implication is that if the correlations among traits due to phylogenetic history can be removed by statistical methods, then the adjusted values are independent and the remaining variation is due to other factors, including ecological variables. This logic is fatally flawed. Species traits are not independent statistical samples for reasons other than phylogenetic history: environmental history and allometric consequences of body size, to mention just two. Furthermore, the powerful interacting influences of phylogeny, environment, body size, and other factors result in patterns of correlation among traits which cannot be separated by some simple statistical manipulation. Efforts to do so are plagued by the same problem as trying to separate the effects of genetics and environment on human IQ -and without the benefit of the experiments of identical twins reared apart! On the other hand, phylogenetic information can contribute valuable insights into processes which shape macroecological patterns. More closely related species do tend to be more similar in nearly all characteristics than more distantly related organisms. Recent studies show how reconstructions of phylogenetic history can be applied to interpret macroecological patterns and to form and evaluate hypotheses about the underlying mechanisms (e.g., Taylor and Gotelli 1994 , Alroy 1998 , Maurer 1998a , b, Polo and Carrascal 1999 Chown in press, Gotelli and Taylor in press), My assessment, therefore, is that the last two decades of macroecological research have been characterized primarily by description of empirical patterns. This endeavor has been stimulated by the availability of new and better data sets, the utilization of sophisticated analytical and statistical tools, and the attention of an increasing number of ecologists. This has been a valuable exercise. Indeed, it would be unfair to dismiss the accomplishments as being simply descriptive. Despite disagreement about some of the details (e.g., body size distributions: Manly 1996, Siemann and Brown in press; Rapoport's rule: Rohde et al. 1993 , Rohde and Heap 1996 , Gaston et al. 1998 , there has been increasing consensus. The statistical patterns described by Arrhenius, Willis, Fisher, Williams, Preston, Hutchinson, MacArthur, Wilson, and many others have been supported and new ones have been discovered. Most of the relationships have been shown to be very general, holding across different taxonomic groups, habitat types, and geographic regions. They are universal features of the organization of biological diversity.
Future prospects: discovering the laws Challenges
For me, however, the description of empirical patterns, no matter how general, is only the first step in the macroecological research program. The patterns provide the inspiration and the challenge, but the ultimate goal must be to discover the underlying mechanisms. The promise of macroecological research is that widespread patterns imply the operation of equally general processes, and universal patterns imply the operation of universal scientific laws.
But nature reveals her most fundamental secrets only reluctantly. Nowhere is this clearer, perhaps, than in macroecology. Many of the patterns have been recognized for more than 50 years. They have attracted the interest of some of the greatest scientific minds of the 20th century, and there has been a revival of interest within the last two decades. Yet despite the recent advances in describing the patterns and documenting their generality, there has been only modest progress toward elucidating the mechanisms.
Where does one look for the causal processes? Maurer and I (Brown and Maurer 1987 , 1989 , Maurer and Brown 1988 , Brown 1995 suggested that many of the statistical patterns of body size, abundance, distribution, and diversity or over space and time can be attributed ultimately to the effects of limited energetic and other resources. The macroecological patterns reflect general principles which govern the division of these resources among individuals and species and over space and time. Sometimes the effects of resource limitation and allocation are direct, reflecting the influence of allometry, nutritional constraints, and other morphological and physiological factors on structure, function, and ecological interactions of individual organisms. Sometimes they are more indirect, mediated through intervening life history, population, and ecosystem processes. Thus, for example, the influence of body size on abundance was hypothesized to reflect largely the allometric scaling of individual resource requirements. On the other hand, the influence of body size on size of geographic range was hypothesized to reflect in large part the effect of size on abundance and the effect of abundance on probability of extinction.
While subsequent workers have adopted or modified these hypotheses or advanced alternative ones, there has been only modest progress in documenting the mechanisms. This is perhaps most evident in the case of the latitudinal gradient of species diversity. Since the 1960s there has been a proliferation of hypotheses (see Rohde 1992 , Rosenzweig 1992 , Kaufman 1995 , Brown and Lomolino 1998 . There is currently little consensus on the processes that cause one of the most pervasive features of life on earth. There has been some progress. Several studies have convincingly shown that a number of macroecological patterns are not just consequences of random variation, sampling phenomena, or biases of taxonomic resolution (e.g., Blackburn and Gaston 1994a , Colwell and Hurtt 1994 , Kaufman 1995 , Gaston and Blackburn 1996 , Kaufman and Willig 1998 . It is less clear, however, whether they are due to processes that affect resource availability and allocation or to other kinds of mechanisms. I believe that this is largely because the proposed mechanisms have not yet been characterized in a precise analytical way that permits rigorous empirical evaluation. In the absence of well-defined mechanisms with predictable consequences, most "evaluations" of hypotheses have been limited to additional rounds of pattern analysis, with subjective assessments of whether the results are consistent with proposed mechanisms. I believe that there are alternatives to such weak inference, but they will not come easily.
What follows is a very personal view of the problems and prospects of discovering the processes that have produced the pervasive statistical patterns of diversity. I advance my ideas with some trepidation. I do not intend that they be widely adopted and become the research agenda for macroecology. Indeed, a diversity of perspectives and approaches is healthy, and I welcome pluralism and dissent. I can only claim the perspective of one who has wrestled with these problems for decades. My commentary and criticism are directed as much at myself as at my colleagues. I believe that progress will be slow and difficult, and will require good luck as well as creative minds, accurate data, and powerful mathematical, statistical, and technological tools. I also believe, however, that substantial progress is being and will continue to be made.
The challenge is the existence of patterns which I call emergent empirical phenomena. The ones that most interest me are manifestations of the structure and dynamics of complex ecological systems which have three features in common; they are: 1) based upon quantitative, measurable characteristics of the abundance, distribution, and diversity of species; 2) expressed as regularities in the statistical distributions of these variables among large numbers of equivalent ecological "particles" or sample units; and 3) so widespread across taxa, habitats, and geographic regions so as to be universal or nearly so. The goal is to explain the processes that produce the patterns. Presumably such explanations will be advanced initially as hypotheses which will make testable predictions. If they stand up to such evaluation, they will progress to become theories and then principles or laws.
I believe that we have made some mistakes in the past. One has been to focus more on describing the patterns than on discovering the underlying processes. This is illustrated by using the terms rule, principle, or law to describe the empirical relationships rather than the causal mechanisms. Examples include Bergmann's rule, Rapoport's rule, the principle of limiting similarity, and the -312 (or -413) thinning law in plant ecology. The universality of these relationships has been questioned, in part because there has been little agreement about the causal mechanisms, and the empirical patterns are likely to be only as general as the processes that produce them (see also Gaston and Blackburn 1999) .
Another problem has been the tendency to search for the mathematical form which best describes a statistical pattern. A prime example was the debate whether the frequency distribution of abundances among species within an ecological community is best described by a log series, broken stick, or lognormal distribution (see discussions by May 1975 , Tokeshi 1990 , 1993 . Implicit in these ways of treating the patterns is the suggestion that each one has some relatively simple unitary cause. Indeed, in the case of species abundance distributions, OIKOS 87.1 (1999) Table 1 . My view of the relationship between macroecological patterns and mechanistic processes. The right-hand column contains examples of empirical statistical patterns which have been documented so widely that they appear to be emergent general features of complex ecological systems. The left-hand column contains examples of well known physical, chemical, and biological laws or principles which govern basic processes at the level of individual organisms and organism-environment interactions. The middle column lists examples of ecological mechanisms which are necessary to link the emergent macroecological phenomena to the underlying physics and biology; these are fundamental ecological processes which operate at the levels of populations, communities, and ecosystems to translate the physical and biological principles into powerful constraints on the structure and dynamics of complex ecological systems. Multiple physical and biological principles are necessary to explain most ecological linking mechanisms and multiple linking mechanisms are necessary to explain most of the emergent macroecological phenomena. None of these lists is meant to be complete; indeed, it is likely that additional examples of emergent phenomena, linking mechanisms, and perhaps even physiological and biological principles, remain to be discovered. Rapoport's rule development others? behavior such thinking was made explicit in broken stick, sequenHow do we avoid these problen~s and make progress tial breakage, and other models that purported to show toward identifying the general mechanisms? Obviously, how specific mechanisms of resource partitioning could I cannot claim to have the answer. I do, however, have generate particular mathematical distributions. some ideas. Three decades of trying to infer process from There is nothing inherently wrong with this approach. pattern have at least changed the way that I approach It might have worked, but unfortunately it did not. I my own research. I hope that I have learned something suspect that there were two reasons: 1) the hypothesized from my mistakes, and made some modest progress. I mechanisms were too simplistic; and 2) more than one share my insights and opinions in the hope that they may principle or mechanism was required to explain the be useful to others. pattern. In the case of species abundance distributions, for example, it is too simplistic to assume that some common llmiting resource is divided up, either simulta-A research agenda? neously or sequentially, along some linear axis. It is almost certain that the relative abundances of species are Table 1 summarizes my view of the challenge of underinfluenced not only by competitive relationships, but also standing the processes which regulate biological diversity by other biotic interactions. including predation, para-and determine the structure and dynamics of complex sitism, disease, and mutualism, by abiotic environmental ecological systems. On the right-hand side are emergent factors, and by metabolic requirements and hence by empirical phenomena, most of which have been characbody size and allometric scaling relationships. Drawing terized in terms of the statistical patterns of macroecolconstraint envelopes is one alternative to hypothesizing ogy. On the left-hand side are the laws of physics and a single process which can be characterized by a simple chemistry and the basic principles of organism-level mathematical expression. It has the advantage of suggest-biology. Both of these lists are meant to be illustrative ing hypotheses about multiple processes which interact -just to give some concrete examples -rather than to to set the limits of the observed variation (e.g., Thompson be all inclusive. For the most part, we can be confident et al. , Guo et al. 1998 .
Physical and biological laws and principles
that the items comprising both of these lists are well established. This is certainly true for the physical and biological principles. We should, however, remain open to the possibility that some of the emergent empirical ecological phenomena need to be modified or described in somewhat different terms. The main challenge is to complete the list in the center of Table 1 : to deduce the general mechanistic processes through which the well-known physical and biological principles interact to produce the emergent ecological patterns. Three of these linking mechanisms, phenotypically plastic shifts in individual resource use (e.g., habitat selection and diet choice), Malthusian population dynamics, and genetic evolution by natural selection, are well understood and require little further comment. All of these can be thought of as "adaptive" mechanisms which tend to insure maximal utilization of available resources.
I believe that biological allometry is another of the linking mechanisms which translate basic physical and biological principles into a very limited range of ecological structures and dynamics. Body size is one of the most important axes of biological diversity. Some fundamental geometric and physical principles dictate how the structure and function of individual organisms scale with size, and these in turn powerfully constrain nearly all aspects of ecology, from life history, resource use, and population density to species diversity (West et al. 1997 .
' I see three main difficulties in making further progress. One is in identifying and characterizing the additional linking mechanisms which are needed to complete the middle column of Table 1 . While the four processes mentioned above are necessary to account for many of the emergent macroecological phenomena, they are probably not sufficient. This means that there are some other important linking mechanisms still waiting to be discovered. What are they? I only wish I knew. I suspect that one such set combines the physical and biological principles that govern the flows of energy and materials through ecosystems containing multiple species which interact in different ways. Such principles are obviously of primary importance in explaining the emergent patterns of interaction networks (i.e., food webs, but also those containing mutualistic interactions). They are also needed, however, for any reasonably complete understanding of species abundance relationships and latitudinal diversity gradients. I suspect that there are still some additional important linking mechanisms, but not many more. Unfortunately, I cannot offer any good idea of what they might be.
The second difficulty is that a clear understanding of the linking mechanisms will require a knowledge of underlying physical and chemical, as well as purely biological, processes. Most traditional population and community ecologists do not have strong backgrounds in the physical sciences and do not look to the known physical and chemical laws to explain ecological phenomena. One implication of many macroecological patterns, such as the latitudinal gradient of diversity and the inverse relationship between body size and population density, is that limited energetic and material resources powerfully constrain the organization of ecological systems. Abundance, distribution, and diversity are influenced not only by interactions with other organisms but also by interactions with the abiotic environment, and these are governed by the basic physical and chemical laws (some of the most important ones are in the left-hand column of Table 1 ). The importance of understanding the applications of these laws to ecological systems is implicit in recent efforts to develop the linkages between species and ecosystems (e.g., Jones et al. 1994, Jones and Lawton 1995) . There is room for much more work at this interface between traditionally biological population and community ecology and traditionally physicochemical ecosystem ecology.
The final problem is to figure out how the linking mechanisms interact to give rise to such circumscribed and yet general empirical patterns. One thing seems to be clear, multiple mechanisms are required to explain most of the emergent phenomena (see also Lawton 1996 , Kelt 1997 , Gaston and Blackburn 1999 . Just as multiple physical and biological principles combine to produce the manifestations of biological allometry and the adaptive dynamics of individual choice, Malthusian population growth, and Darwinian evolution, some combination of these and other linking mechanisms will be required to produce species abundance and speciesarea relationships. Furthermore, as we more deeply understand the interacting effects of the known linking mechanisms, it will aid the search for the remaining ones. We can make a good start on understanding many manifestations of biological diversity with a knowledge of the consequences of adaptive dynamics and body size. Knowledge of how these processes are inadequate to explain certain macroecological phenomena will aid the search for the other necessary mechanisms.
The role of models I cannot overemphasize the need for general theory and mathematical models. Many biologists, and this includes many ecologists, seem to view the diversity of life and its ecological and evolutionary manifestations as a refuge rather than challenge. They have given up any pretense of searching for unifying principles and general theory, and are content to describe the infinite variety in all of its intricate detail. Some hamper efforts to achieve a general synthesis by rejecting models and theories because they do not account for all features of the organisms or ecological systems that they have studied. On the one hand, I grant that theories and models must ultimately answer to data. More and better data, including data which appear to represent exceptions to general patterns, have contributed importantly to the progress of macroecology.
On the other hand, I submit that detailed, accurate descriptions are of limited value without general schemes to organize and interpret the empirical observations. The most powerful organizing principles are general theories and mechanistic models, couched in the elegant formalism of mathematics. One advantage of a general mechanistic model is that it almost invariably applies to a wider range of phenomena than the empirical observations which stimulated its formulation. Such a model makes multiple predictions, and usually some of them are both new and testable. If a particular process is operating, it usually has additional necessary logical consequences that can be evaluated, either with existing data or by making new observations. Models are essential to capture the essence of the linking mechanisms and to elucidate how they operate, independently and in combination, to cause the emergent macroecological patterns.
Often the first attempts to produce models will be flawed or incomplete. The genetic basis for Darwin's original theory of natural selection was flawed. It required the mathematical models of the New synthesis to supply the rigorous mechanistic genetic underpinning for the theory. Similarly, we can hope to develop mathematical models for other mechanisms which can explain the emergent structure and dynamics of complex ecological systems in terms of basic physical and biological principles.
Limitations
It is also important to recognize the limitations of the macroecological approach. Even if it is successful, this research program will not satisfy some critics, especially those who would have macroecology answer the detailed questions of traditional population and community ecology. Many ecologists still long for a "predictive" ecology. They would like to have sufficient understanding of the many interacting environmental variables and mechanistic processes so that they could precisely predict changes in population and community structure and dynamicssuch changes as are often observed in response to natural fluctuations or human perturbations (e.g., Peters 1991 , Hanski 1999 . For example, Hanski (1999) would like to be able to predict the cascades of changes, including extinctions of several vertebrate species, which apparently were triggered by the introduction of the brown tree snake (Boiga irregularis) into the island of Guam.
I doubt that any ecology will be able to do this in the foreseeable future, although both micro-and macroecological approaches may be able to offer some "explanation" for such changes after they have occurred. It may, at least in principle, even be possible to predict such OIKOS 87:l (1999) changes. To do so, however, would require enormous amounts of time and money, and the result would have very little generality. If we fully understand the impact of the brown tree snake in Guam, how useful is this for predicting what would happen if, heaven forbid, the snake were introduced into Hawaii?
Macroecology should be useful, however, in identifying the limitations on our predictive capability. Macroecology may help eventually to reveal the fundamental lawlike processes which produce certain emergent features of complex ecological systems, i.e., those features which are statistical consequences of the behavior of many interacting components. It cannot be expected to predict the behavior of particular component individuals and species. Even though we understand the laws of physics which govern the motion of falling objects, we do not expect physicists to predict where a feather will land after being lost from a soaring eagle.
Coda
So, I end as I began, with the observation that ecological systems are immensely complex. They are composed of many different kinds of components, individuals and species of organisms, which interact with each other and with their nonliving environment in many different ways to generate emergent structures and dynamics. This kind of complexity, seen also, for example, in nervous systems and in human and insect societies, stands as a challenge to modern science. There is reason for optimism, however. Repeatable patterns in the statistical properties of systems containing many equivalent "particles" hint at the operation of lawlike mechanisms. In the last decade, macroecology has made considerable progress in characterizing the emergent statistical patterns, but much more remains to be done to discover the laws.
